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Abstract Sub-ice shelf sediments near Larsen C ice shelf (LIS-C) show ﬁne-scale rhythmic laminations
that could provide a near-continuous seasonal-resolution record of regional ice mass changes. Despite the
great potential of these sediments, a dependable Late Quaternary chronology is difﬁcult to generate, rendering the record incomplete. As with many marginal Antarctic sediments, in the absence of preserved carbonate microfossils, the reliability of radiocarbon chronologies depends on presence of high proportions of
autochthonous organic carbon with minimized detrital organic carbon. Consequently, acid insoluble organic (AIO) 14C dating works best where high productivity drives high sediment accumulation rates, but can be
problematic in condensed sequences with high proportions of detrital organic carbon. Ramped PyrOx 14C
dating has progressively been shown to improve upon AIO 14C dates, to the point of matching foraminiferal
carbonate 14C dates, through differential thermochemical degradation of organic components within samples. But in highly detrital sediments, proportions of contemporaneously deposited material are too low to
fully separate autochthonous organic carbon from detrital carbon in samples large enough to 14C date. We
introduce two modiﬁcations of the Ramped PyrOx 14C approach applied to highly detrital sediments near
LIS-C to maximize accuracy by utilizing ultra-small fractions of the highly detrital AIO material. With minimization of the uncertainty cost, these techniques allow us to generate chronologies for cores that would otherwise go undated, pushing the limits of radiocarbon dating to regions and facies with high proportions of preaged detritus. Wider use of these techniques will enable more coordinated a priori coring efforts to constrain
regional glacial responses to rapid warming where sediments had previously been thought too difﬁcult to date.

1. Introduction
An accurate reconstruction of past Earth conditions requires an archive that is not only datable, but that
offers the ability to compile dates into a meaningful chronology that can be regionally correlated to preexisting age models. Sedimentary archives are fundamentally detrital in nature, and in sediments where high
proportions of detritus include the material from which ages are sought, dating can become ambiguous.
Antarctic glacial marine sediments have long been considered among the most problematic to date due to
a lack of preserved foraminifera [Domack et al., 1989; Licht et al., 1998; Andrews et al., 1999; Mackintosh et al.,
2014]. Hence, acid insoluble organic (AIO) radiocarbon (14C) is often used for Antarctic sediments with the
hope that authigenic algal-derived organic matter from the water column above (henceforth referred to as
‘‘syndepositionally-aged’’) dilutes any pre-aged detritus transported from continental rocks or sediments
that would be dated in conjunction with the authigenic material. But AIO 14C ages have often been found
to incorporate pre-aged reworked carbon [Andrews et al., 1999; Leventer et al., 2006; Rosenheim et al., 2008;
Mackintosh et al., 2011; Rosenheim et al., 2013; Subt et al., 2016]. In ‘‘highly detrital’’ sediments, the portion of
syndepositionally-aged carbon is exceedingly small, creating further difﬁculties in achieving accurate ages.
The potential of sedimentary research in Antarctica is maximized if the effects of detrital organic carbon in
AIO are reduced, increasing accuracy of AIO dates. Doing so can expand Antarctic research not only into
improved deglacial chronology, but also into broadened exploration of regions where typical dating methods have been impractical or ineffectual.
C 2017. American Geophysical Union.
V

All Rights Reserved.

SUBT ET AL.

Although dating AIO material can be problematic, proper application to well-understood stratigraphy and
depositional settings has improved our understanding of Antarctic deglaciation. Advances in using
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stratigraphic information to ensure more accurate 14C using the AIO carbon have expanded our ability to
date sediments without carbonate material [Domack et al., 1989, 1999]. AIO 14C dating has allowed for
advancements such as an unsurpassed chronology of 43 dates in 44 m of Holocene sediment in the Palmer Deep [Domack et al., 2001], constraints on Antarctic Peninsula and Ross Sea Ice Sheet retreat during the
Last Glacial Maximum (LGM) [Heroy and Anderson, 2007; McKay et al., 2008], and can provide limiting ages
for grounding line retreat [e.g., Domack et al., 2005; Leventer et al., 2006; Mackintosh et al., 2011; Rebesco
et al., 2014]. Traditionally, AIO material in sediments has been used in conjunction with constant age offsets,
whereby a core-top age is subtracted from all subsequent downcore ages, as an alternative to the more
trusted carbonate 14C ages [Andrews et al., 1999; Domack et al., 1999; Mackintosh et al., 2011]. The subtraction of a constant 14C age downcore, however, can result in nonlinear isotopic bias, and is dependent on
the constancy of the proportions of ancient carbon and syndepositionally-aged carbon, which is unlikely
given the ephemeral nature of ice ﬂows [Pudsey et al., 1994; Andrews et al., 1999; Michalchuk et al., 2009;
Rosenheim et al., 2013; Subt et al., 2016], and on the uncertain assumption that the reservoir age has
remained the same through time [Stuiver et al., 1986; Carlson and Clark, 2012]. Thus, despite reﬁnements in
14
C dating, Antarctic sediment cores can often lack accurate chronologies.
Methodological improvements in separating pools of organic carbon within the sediment have been made
by employing compound-speciﬁc/compound-class diatom-bound 14C dating [Eglinton et al., 1996, 1997;
Pearson et al., 1998; Ohkouchi et al., 2003; Ingalls et al., 2004; Ohkouchi and Eglinton, 2006, 2008; Yamane
et al., 2014]. This technique involves the chemical extraction of speciﬁc compounds (biomarkers) associated
with organism-speciﬁc processes. Early work utilizing this technique had difﬁculties with the large amounts
of material required for 14C analysis [Ingalls and Pearson, 2005]. Compound-speciﬁc 14C dating has since
been developed more recently for sediments that contain greater quantities of the necessary pools of carbon. However, recent work in the Ross Sea [Yokoyama et al., 2016] and the Wilkes Land Coast [Yamane et
al., 2014] illustrates large uncertainties that result from applying compound-speciﬁc 14C dating to hemipelagic sediments. Moreover, this approach requires large amounts of sediment for extraction to produce an
accurate chronology.
Ramped PyrOx 14C dating has also offered recent advances in separating of pools of organic carbon through
thermochemical degradation [Rosenheim et al., 2008, 2013; Subt et al., 2016]. In Ramped PyrOx, the least diagenetically stable component of the sediment is related to the least thermochemically stable (lowest temperature) and is thus concentrated in the ﬁrst aliquot of CO2 to be collected when temperature is increased
linearly. Early work shows that high-resolution temperature intervals approached foraminiferal ages, but
lower-resolution intervals did not offer as much an improvement [Rosenheim et al., 2008]. Results suggested
that contributions from different pools changed downcore and that constant age offsets were potentially erroneous [Rosenheim et al., 2013]. Further advancements have been made by using smaller aliquots at the beginning of the reaction to reduce the amount of older CO2 incorporated into the aliquot [Subt et al., 2016].
Smaller ﬁrst aliquots have also been shown to improve the age to match the 14C age from carbonate material
[Subt et al., 2016]. Ramped PyrOx dating is not without complication, especially for highly detrital sediments. If
the amount of autochthonous, syndepositionally-aged carbon in a sample is too small, it may be overwhelmed by blank contamination [Santos et al., 2010; Fernandez et al., 2014] or overwritten by older, pre-aged
carbon in larger thermochemically separated samples. It should also be noted that both compound-speciﬁc
and Ramped PyrOx dating may still yield an average age from a mixture of components.
Although many incremental advances have been made to improve the accuracy and precision of dates
from highly detrital samples, much of the research conducted in Antarctic marine sediments is still highly
dependent on the ability to retrieve high-resolution sediment cores with sufﬁcient carbonate material for
dating. Alternative 14C dating approaches are needed to reduce uncertainty of more accurate 14C dates
from highly detrital sub-ice shelf sediments. We generate a reliable and meaningful chronology for a sediment core proximal to the grounding line of the Larsen C ice shelf (LIS-C, Figure 1), offering a major advance
involving a manipulation of the Ramped PyrOx approach to minimize precision costs of previous incremental advances [Rosenheim et al., 2008, 2013; Subt et al., 2016]. We present two innovations to the Ramped
PyrOx approach that allow us to look beyond the last deglaciation and to address more condensed sediment sequences over the Holocene that are difﬁcult to date due to a greater mixture of detrital material
(Figures 1 and 2). In one technique, we apply multiple identical Ramped PyrOx analyses and combine ultrasmall low-temperature aliquots of CO2 of the same sample (Composite technique). In the other, we combine
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ultra-small low-temperature CO2 aliquots
with a surrogate of known age and quantity
(Isotope Dilution technique). By developing
these alternate techniques and improving
AIO 14C dating, future research may be able
to delve deeper into regions, time periods
and lithofacies that have precluded dating
and adequate understanding.
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2. Methods
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2.1. Site Locations
This study examines marine sediments
from near the LIS-C in the Antarctic Peninsula (Figure 3). It is one of the most sensi100
tive regions to recent climate change
[Vaughan et al., 2001]. Thus, it is impor120
tant to determine whether the strong climate sensitivity of the LIS-C is purely the
140
result of anthropogenic warming, or if past
climate variability has shown similar trends.
160
Other parts of the Larsen Ice Sheet (LIS-B in
2002 and LIS-A in 1992) have disintegrated rapidly in recent years, garnering
180
public attention and spurring advancement of research concerning Antarctic
200
glacial advance and retreat [Brachfeld
et al., 2003]. LIS-C is the largest and most
220
stable ice shelf of this system, and ice
conditions in 2013 allowed a close
approach of the R/V Araon to the ice
Figure 1. Diatom valve counts in core EAP13 GC16B show nearly barren
shelf edge. Sediment cores were taken
assemblage downcore except for samples within the top 5 cm, establishing
that were largely considered sub ice
the highly detrital nature of this core.
shelf in nature (see below). Interpretation
of sediment transport process and biogeochemistry in these setting is not only interesting from the standpoint of modern ice shelf environments, but also may relate, as an analog environment, to ocean sedimentation from the Cryogenian.
Depth (cm)

80

2.2. Core Description
Several cores were taken along the East Antarctic Peninsula in 2013 on-board the R/V Araon by the Korea
Polar Research Institute (KOPRI). Gravity core 16B (EAP13 GC16B: 660 3.89832’ S, 600 27.69212’ W) was taken
near the northern region of the LIS-C (Figure 3). It was taken from a water depth of 324 m and is 238 cm
long. This location is rather unique in that it has remained under a disintegrating ice sheet adjacent to the
LIS-C, which retreated from this site in the past century [Ferrigno et al., 2008]. Figure 4 describes this core
graphically, but we offer this brief textual description for reference. This core consists of four lithologic units:
the upper 21 cm of the core is characterized by sandy diamicton, rich in calcareous microfauna. The interval
from 21 to 90 cm is characterized by ﬁnely laminated, sandy-clayey silt. From 90 to 194 cm, the mud consists of slightly sandy, silty clay. Below 194 cm, a structureless diamicton constitutes the basal unit of the
stratigraphy. The mud intervals (from 21 to 194) are characterized by a systematic bundling of ﬁne laminations that consist of alternating (rhythmic) intervals of thick and thin couplets (of silt and clay). Generally,
intervals of thinner couplets are thicker and more variable than the thicker couplet intervals. Horizontal laminations dominate the lower third of the mud interval, but then are interspersed with inclined bedding, likely indicative of migrating bed forms with amplitudes of approximately 20–30 cm. Reversals in the direction
of inclined bedding are evident in several intervals. There are ﬁner-scale higher-frequency alternations within the lamination bundles but these are deserving of a much more detailed analysis than appropriate to
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Figure 2. Comparison of Larsen C age models using conventional, composite, and isotope dilution Ramped PyrOx techniques as well as
measured and calculated AIO ages. Note an additional Beta Analytic data point extends beyond the depth range shown in this ﬁgure. The
complete data can be found in Tables 1 and 2.

this paper and will be discussed in a subsequent publication. Notably lacking within the mud facies are any
signs of unsorted, coarse sand, or gravel. Also of note are ﬁve disconformable horizons whereby the inclined
laminations are abruptly truncated, but notable without any coarse lag or irregular erosive surface (these
are indicated as surfaces D-1 through D-5 in Figure 4). Hence this core is unique in that most sub-ice shelf
muds consist of non-rhythmic laminations typically interspersed with coarse grains of ice-rafted origin
[Domack et al., 2005; Rebesco et al., 2014]. The ﬁne-scale systematic (rhythmic) laminations in this core could
provide annual and even seasonal (varved) time increments on a near-continuous basis. Therefore, core
EAP13 GC16B has great potential as a precise and accurate chronometer for ice mass changes associated
with the LIS-C. Yet, due to its overwhelming detrital nature, there is a challenge in developing a ﬁxed absolute time for what is now a ‘‘ﬂoating record’’ of potential glacial marine varves.
Twelve sediment samples were taken from this core for 14C analysis (Figure 4). Only four samples near the
top of the core contained sufﬁcient well-preserved foraminiferal tests for carbonate 14C analysis.
2.3. Carbonate 14C Analysis
Four samples were taken within the top 14 cm of the core from which sufﬁcient foraminifera were retrievable for 14C analysis. All samples were benthic, monospeciﬁc Globacassidulina biora in pristine condition,
but the assemblage in general was diverse, well-preserved, and abundant.
2.4. AIO 14C Chronologies
Preliminary AIO 14C measurements were analyzed by Beta Analytic Radiocarbon Dating Laboratory. To
remove carbonate components prior to AMS dating, freeze-dried bulk sediments were dispersed and subjected to 2.5 N HCl at 908C for a minimum of 1.5 h and rinsed in deionized water at 708C until neutrality was
reached. These analyses were pursued to inform the best approach to apply the alternative techniques of
Ramped PyrOx, as described below. All Ramped PyrOx aliquots analyzed by the three techniques were sent
to the National Ocean Sciences Accelerator Mass Spectrometry (NOSAMS) facility for 14C/12C ratio determination. High precision measurements were applied for ages from RP1 (the ﬁrst temperature interval of
Ramped PyrOx dates). As preliminary AIO ages were analyzed by Beta Analytic, a second set of AIO sediment samples were also analyzed at NOSAMS to avoid interlaboratory differences and to match the core
depths with those used for Ramped PyrOx analyses. For comparison, AIO 14C ages were also calculated
from the weighted arithmetic mean of the spectrum of Ramped PyrOx ages, as they have previously been

SUBT ET AL.

CHRONOLOGY FOR HIGHLY DETRITAL SEDIMENTS

1407

Geochemistry, Geophysics, Geosystems
63°0'W

62°0'W
An

61°0'W

60°0'W

10.1002/2016GC006578

59°0'W

58°0'W

dv

ord

Ba

Fla

nd

res

Green
Green
Ba
y

Pl
at
ea
u

65°0'S

y

Larsen A

Evans
Evans

65°30'S

Br
uc
e

Jorum
Jorum

Hektoria
Basin

Robertson Is

Foyn Pt.
nee
CCrraan

Cold Seep
Basin

Mapple
Mapple

Robertson
Trough

Melville
dd
PPeeqquuoo

Weddell Sea
Starbuck
Starbuck
Stubb

SCAR
Inlet

66°0'S

Flask
Flask

Larsen B

Leppard
Leppard

Philli

pi Ris
e

Ja

Adie Inlet

66°30'S

Cabinet
Inlet

Cape
Framnes

Pen
son

la

Study area

Churchill
Peninsula

-320

insu

Stratton
Inlet

GC16B

Antarctica

Larsen C
0

-200

1963
1975
1986
1999
2000
2002
2007

-440

50

-560

100 km

-680

Jason
Trough

800 km

-800

-920

-1040

-1160

Depth (m)
Figure 3. Map of the study region near the Larsen C on the eastern Antarctic Peninsula with swath bathymetry data. The purple circle indicates the location of core EAP13 GC16B and its
accompanying box core, EAP13 BC16A (modiﬁed from Lavoie et al. [2015]). LGM extent of Larsen Ice Shelf surpasses the scope of this map.

found to coincide with measured AIO 14C ages [Rosenheim et al., 2013]. Pretreatment protocols vary widely
between laboratories, and have the potential to affect sediment 14C measurements. The acid treatment performed by Beta Analytic (described above) is the most rigorous. Samples analyzed using Ramped PyrOx
and used to calculate AIO 14C dates underwent a much gentler approach described below. NOSAMS pretreatment protocols are very similar to that used for Ramped PyrOx, with the exception of applying a
lengthier acid-treatment period.
2.4.1. Conventional Ramped PyrOx 14C Analysis
All sediment samples were processed at the University of South Florida—College of Marine Science.
Each sample was dried and homogenized, then pretreated with 1N HCl for 2 h to remove carbonate
material. The samples were centrifuged and rinsed in deionized water until the pH of the supernatant
was normalized at 7.0. The samples were dried and stored in pre-combusted (5258C, 2 h) glass vials until
analysis. Individual Ramped PyrOx analyses were based on the methods described by Rosenheim et al.
[2008], wherein sediment was weighed out (100 mmol C based on %TOC measurements) into pre-combusted (9008C, 2 h) quartz ﬂow-through reactor inserts in between plugs of pre-combusted (5258C, 2 h)
quartz wool. The quartz reactor was inserted into the top portion of the combustion chamber, and was
continuously purged with 35 mL/min of ultra-high purity (UHP) He, while the combustion chamber was
continuously purged with 4 mL/min of (UHP) O2 in 7 mL/min of (UHP) He to prevent back-ﬂow of O2
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Figure 4. Stratigraphic column for EAP13 GC16B. Blue circles indicate carbonate, red squares indicate preliminary AIO measurements, and yellow triangles indicate RP radiocarbon
dates.

into the reactor (Figure 5). The reactor resides within two tubular furnaces, where the top furnace (pyrolysis furnace) is ramped up in temperature by 58C/min and the bottom furnace (oxidation furnace) is
kept at a constant temperature of 8008C throughout the pyrolysis reaction. Pyrolysates entrained in He
and ﬂowing downstream were converted to CO2 in the combustion furnace on CuO wire. An infrared
CO2 detector (Sable Systems Ca-10) measured the CO2 concentration in the mixture of gases as it ﬂowed
to one of two 8-loop borosilicate glass cryogenic traps partially immersed in liquid N2. Remotely controlled pneumatic valves (Luwers) toggled in a way that enabled one trap to accumulate incoming condensable products from the He carrier gas at atmospheric pressure while the other was connected to
allow expansion into a vacuum separations line for cryogenic puriﬁcation of CO2 with liquid nitrogen
and n-propanol cooled to solid-liquid phase transition with liquid nitrogen. Puriﬁed CO2 aliquots were
collected and ﬂame-sealed into evacuated pre-combusted (5258C, 2 h) Pyrex tubes with pre-combusted
copper oxide and silver wire (Figure 5).
To provide a baseline by which two novel techniques could be compared, Ramped PyrOx analyses
were performed with little change to the originally established approach [Rosenheim et al., 2008]. Subsequent work by Rosenheim et al. [2013] and Subt et al. [2016] showed that smaller low-temperature aliquots could improve the dates considerably. Thus for this study, we collected the two lowesttemperature aliquots (RP1 and RP2) at sizes of 10–15 mmol, and the subsequent three CO2 aliquots
(RP3, RP4, and RP5; supporting information Table S1) at approximately 23–27 mmol, roughly equally
splitting the remaining carbon.
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Figure 5. Schematic demonstrating steps involved in pretreatment and Ramped PyrOx 14C analysis. Samples are homogenized and
treated with 1N HCl for 2 h for decarbonation. Samples are pyrolyzed at a rate of 58C/min in the top furnace of the combustion chamber
and carried by He to the bottom furnace, which is held constant at 8008C, and combined with O2 gas where products of the pyrolysis reaction are subsequently oxidized. CO2 resulting from this process accumulates gradually and separated at selected time intervals. Subsamples are puriﬁed in a vacuum line before being collected and ﬂame-sealed in individual pyrex tubes where aliquots are numbered
sequentially based on T1 (e.g., RP1 is lowest-temperature aliquot and Ramped PyrOx is highest-temperature). Each CO2 aliquot is individually analyzed for Ramped PyrOx. In conventional Ramped PyrOx analyses (black), lowest-temperature aliquots contain between 10 and 15
lmol of CO2. If <10 lmol are desired, then alternate techniques may be appropriate: Composite Ramped PyrOx (green) analyses consist of
combining the lowest-temperature aliquots from multiple identical analyses of the same sample. Isotope dilution Ramped PyrOx (blue)
analyses consist of combining the lowest-temperature aliquot with a CO2 surrogate of known age and mass.

It is important to note that blank contamination (unavoidable admixture of contaminant CO2 into the sample during any analysis) from Ramped PyrOx analysis should be accounted for in all samples analyzed. The
blank contamination for each sample was calculated using equations based on the derivation of blank correction by Santos et al. [2007]:






mdead
mmod
mmod
1dM
2dmod
(1)
dU 5dM 1dM
mU
mU
mU
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mdead 1mmod 2 2
dM
dM 2dmod 2
dmod mmod 2dM mdead 2dM mmod
r2dU 5r2dM 11
1rmdead
1r2mmod
1 r2mU
mU
mU
mU
m2U
(2)

where d is the fraction modern (Fm) value, as described by Stuiver and Polach [1977], r is uncertainty, m is
the mass, and subscripts U and M are the unknown and the measured values of the sample, respectively,
and subscripts dead and mod are 14C-free blank and modern blank, respectively (supporting information
Text S1). Recent studies on modern and dead blank contamination in the Ramped PyrOx system suggests
mmod is time-dependent, while the mdead remains the same over time and is independent of the pyrolysis
system [Fernandez et al., 2014]. The total modern carbon in one Ramped PyrOx analysis is 2.8 6 0.6 mg (all
errors reported are 1r). A proportion of this amount was assigned as the modern blank contamination for
each temperature interval based on the collection time of each aliquot. mdead has a constant mass of
1.4 6 0.8 mg and is not time-integrated, thus all 1.4 lg must be applied to each aliquot from a Ramped
PyrOx run.
To surpass the limitations of the Ramped PyrOx method in analyzing ultra-small fractions of young material
in highly detrital sediments (Figure 6), we have developed two techniques to minimize the costs in precision while improving accuracy. For both techniques, the preexisting AIO 14C ages were used to estimate the
proportion of material assumed to be syndepositionally-aged (fSA, as shown in Figure 6) by assuming a two
end-member mixing model and a linear accumulation rate (supporting information Text S2). Initial sample
Ramped PyrOx analyses were also conducted to determine the CO2 evolution as well as the percent of total
organic carbon (%TOC) in each sample (Table 1). Decomposition rates of organic carbon and preliminary
AIO 14C dates were used to calculate the temperature at which the estimated amount of syndepositionallyaged material combusts (T1; supporting information Text S2). We inherently assume in this approach that
no pre-aged organic carbon would decompose until all autochthonous organic carbon had pyrolyzed—this
is a necessary oversimpliﬁcation that enables our preliminary estimate of the sampling temperature.
2.4.2. Composite Ramped PyrOx 14C Analysis
Of the four LIS-C samples collected for Ramped PyrOx 14C dating, three (85, 95, and 192 cm core depths)
had very small fSA; thus the ‘‘conventional’’ 10 mmol RP1 would have incorporated too much pre-aged detrital material. For these samples, a composite of analyses was performed where equivalent masses were analyzed each time (100 mmol C, as determined by %TOC). RP1 was collected at the same temperature (T1;
Table 1) each time, and the number of analyses
was determined by fSA (Figure 5). An additional
two aliquots were collected for a portion of the
analyses, where RP2 was 10–15 mmol and RP3
included the remaining material. To reduce anaMinimum14C
lytical error associated with AMS measurements
sample size
of small samples, RP1 aliquots of the same samG2
ple were combined (RP1C, Figure 5); 10 mmol
was decided to be a sufﬁciently large sample to
produce an acceptably small analytical uncerMinimum
tainty (<10%) based on previous analyses made
G3
“clean” G1 G1
with the Ramped PyrOx approach (Figure 6) and
sample
minimize the number of composite runs that
needed to be combined (each with its own
blank contamination). Because the amount of
0
200
400
600
800
carbon in each sample is collected in a relatively
short amount of time, the time-dependent modTemperature (ºC)
ern blank contamination is not very large [FerFigure 6. Idealized thermograph illustrating the evolution of pCO2 as
nandez et al., 2014]. However, the resulting
temperature is raised at a constant rate in a situation where the
modern blank contamination from mixing multi14
amount of autochthonous OC may be smaller than a measurable C
ple aliquots becomes cumulative. In the case of
sample. Gaussian modeling has been implemented (G1–G3) to represent the mixture of multiple organic components incorporated in the
composite aliquots, mmod was calculated by takbulk organic sample [Rosenheim et al., 2013]. The minimum ‘‘clean’’
ing into account the cumulative, time-integrated
sample denotes where the lowest-temperature aliquot can be taken
proportion of each individual CO2 aliquot.
to collect G1 component without a mixture of the G2 component.
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Additionally, mdead was used as determined by Fernandez et al. [2014] because
b
only the composite sample was recomT1
Depth
AIO
6
fSAa
(8C)
(cm)
%TOC
Age (14C y)
busted and subject to the likely source of
14
C-free blank contaminants.
0
0.315
12,500
50
0.2575
288
0
11,470
50
2.4.3. Isotope Dilution Ramped PyrOx
14
32
32,960
240
C Analysis
85
0.675
0.0132
270
An isotope dilution technique was applied
90
41,720
620
95
0.420
0.0141
279
to equal-sized low-temperature aliquots
180
40,030
510
of the same samples as the composite
192
0.795
37,880
430
0.0400
338
technique for comparison of an indepen194
37,440
380
210
39,460
440
dent technique using the Ramped PyrOx
a
approach. Multiple analyses (composite
fSA refers to the calculated fraction of estimated syndepositionally-aged
carbon in the sample and was calculated using preliminary AIO 14C measanalyses) were also required for this techurements and assuming a two-endmember mixing model.
nique, but the number was reduced by
b
T1 is the temperature at which syndepositionally-aged material was estiadding an amount of a diluent, which
mated to combust.
may be any substance of well-constrained
radiocarbon content. We used NBS Oxalic
Acid I (Ox-I) as the surrogate for this technique because it is a modern standard that generally decomposes at
lower temperatures than the estimated T1 for each sample. Multiple analyses were conducted using the same
parameters as those in the composite technique and were combined with individual samples of Ox-I to create
a single 10 mmol aliquot (RP1ID, Figure 5). For each isotope dilution, resulting ages needed to be corrected
for the addition of a diluent to calculate the age of the sample using the following equations:
Table 1. Sample Preliminary Data for Core EAP13 GC16B, Including AIO
Ages Analyzed at Beta Analytic

dS 2dU 2f ds
2f

2


 
dS 2dU
1 2 2 1 2
2
r2dU2ID 5r2f
1r
12
1r
d
d
S
U
f2
f
f
dU2ID 5

(3)

(4)

where subscripts U-ID and S are the isotope dilution-corrected unknown and the diluent respectively, and f
is the proportion of the unknown relative to the mixture of diluent and unknown (supporting information
Text S3). It should be noted that these equations utilize the blank-corrected unknown (dU, rdU), thus the
blank correction must be applied ﬁrst before correcting for the addition of a surrogate. This blank correction
was applied in the same manner as was done for the composite technique.
In this study, the diluent was prepared using Ramped PyrOx analyses in the same manner as the samples
for consistency. Doing so adds slightly to the blank contamination previously described, but the time of
decomposition of Ox-I is only minutes and not much blank will accumulate over that time. In the future,
this blank contamination could be reduced by using closed-tube combustion to extract CO2 from the
diluent.
Determining how much isotopic diluent to add to composite Ramped PyrOx samples involves minimizing
the number of times that the sample needs to be composited while maximizing precision. By reducing the
number of analyses per sample, we also reduced the amount of time spent on the technique (preparing
and compositing multiple runs), thereby decreasing the mass of sample required. However, reducing the
number of analyses increases the amount of Ox-I relative to the sample and incurs an increased cost in
precision.

3. Results
The CO2 evolution (thermographs) of all four samples shows interesting trends that relate to diagenetic and
thermochemical stability of each sample (Figure 7). Thermographs in Figure 7 have undergone a simple
temperature offset to match maximum temperature peaks. This is to correct for potential technical issues
independent of sediment properties, such as movements of the thermocouples from sample loading
between analyses, causing the thermographs to shift along the temperature ramp. Because the targeted
temperature intervals are so small, these shifts on the order of magnitude of a few degrees are signiﬁcant
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Figure 7. pCO2 evolution along the temperature ramp for individual sample analyses (indicated in legends by laboratory run number) at core depths of (a) 0 cm, (b) 85 cm, (c) 95 cm,
and (d) 192 cm. Insets in Figures 7b, 7c, and 7d are representative of a single full run and vertical lines show average temperatures where ﬁrst aliquots were collected for Composite and
Isotope Dilution (green) and Conventional (red) techniques.

relative to the slopes of the thermographs over these short intervals. Samples from 85, 95, and 192 cm
depth intervals possess similar shapes, with only small variations in the height of main peaks. The ﬁrst distinct peak occurs at 390–4008C, and a second main peak occurs between 480 and 5008C. In the core-top
sample, the main peak occurs at 3708C, the second smaller peak at 5008C and they shift in relative proportion. CO2 thermographs also showed some variability between analyses of the same sample (Figure 7).
In samples at 85, 95, and 192 cm core depths, the combination of multiple runs provides us with the opportunity to visualize the replicability of thermograph shapes when the same sample is analyzed by Ramped
PyrOx multiple times in the same manner [Williams et al., 2014]. Each run was normalized and integrated
onto the same temperature scale for statistical comparison.
All ages are reported in Table 2 in both blank-corrected 14C years and calibrated years BP (supporting
information Table S2). All following discussion refers to ages in uncalibrated 14C years. However, the calibration of these ages does not change the overall ﬁndings. The Ramped PyrOx 14C ages derived using
composite and isotope dilution demonstrate a nearly constant sedimentation rate downcore (69 yr/cm).
The composite technique yielded ages between 8,900 and 15,000 14C years. The isotope dilution
technique yields ages from 8,300 to 12,900 14C years. The offset between these ages increases downcore.
The core-top sample required no alternate technique to yield an age of acceptable precision, but was dated twice using the conventional Ramped PyrOx technique and yielded ages of 3390 6 50 (12 mmol CO2)
and 3685 6 40 (15 mmol CO2) 14C years. The analytical uncertainty of these ages increased downcore for
all techniques used. The conventional Ramped PyrOx technique yields the lowest uncertainty, but oldest
ages. The isotope dilution technique yields lower uncertainty for the samples analyzed (330–420 14C y)
than the composite technique (430–610 14C y). Carbonates were only available to date within the ﬁrst
15 cm of the core, so only the core-top sample can be compared to carbonate ages. Nevertheless, the
Ramped PyrOx ages are younger by 1050–1440 14C years than the corresponding carbonate ages (Table
2 and Figure 2).
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Table 2. Radiocarbon Dates and Calendar Year Corrected Values for EAP13 GC16B with All Analysis Techniques, as Explained in the
Texta
Depth
(cm)
0
85
192
0
85
95
192
0
0
0
85
85
192
192
85
95
192
85
95
192
0
6
10
14

Type
AIO Sedimentc
AIO Sedimentc
AIO Sedimentc
AIO Calculated
AIO Calculated
AIO Calculated
AIO Calculated
Conventional RP1
Conventional RP1
Conventional RP5
Conventional RP1
Conventional RP5
Conventional RP1
Conventional RP5
Composite RP1
Composite RP1
Composite RP1
Isotope Dilution RP1
Isotope Dilution RP1
Isotope Dilution RP1
Foraminiferal Carbonate
Foraminiferal Carbonate
Foraminiferal Carbonate
Foraminiferal Carbonate

Mass
(mmol of C)

14.820
12.315
6.882
11.982
18.318
13.011
11.996
9.870
11.370
8.520
10.190
9.790
11.850

d13C (&)

Fm

6 (1r)

Age
(14C yrs BP)

6 (1r)

Calibrated Age
(yrs BP)

225.93
225.06
225.46

0.2112
0.0126
0.0137
0.2990
0.0631
0.0485
0.0348
0.6320
0.6558
0.0173
0.1316
0.0060
0.1148
0.0114
0.3295
0.2747
0.1540
0.3546b
0.2849b
0.2017b
0.5661
0.5261
0.4447
0.4419

0.0016
0.0017
0.0017
0.0012
0.0023
0.0019
0.0017
0.0035
0.0043
0.0048
0.0023
0.0016
0.0022
0.0024
0.0177
0.0171
0.0118
0.0187
0.0118
0.0105
0.0028
0.0023
0.0017
0.0019

12,490
35,000
34,500
9,695
22,200
24,310
27,000
3,685
3,390
33,000
16,300
41,000
17,387
36,000
8,900
10,400
15,000
8,300b
10,000b
12,900b
4,570
5,160
6,510
6,560

50
1100
1000
35
290
310
400
40
50
2200
140
2100
150
1700
430
500
610
420
330
420
40
35
30
35

N/A
N/A
N/A
N/A
N/A
N/A
N/A
620
250
N/A
16,300
N/A
17,500
N/A
6,600
8,400
14,700
6,000
8,000
11,500
1,660
2,460
4,080
4,140

225.64
224.86
220.78
227.11
223.63
227.22
223.45
224.75
225.6
229.08
221.95
224.43
224.77

6 (1r)

90
80
180
200
490
650
860
420
410
470
70
70
70
70

a
Ages are reported in blank-corrected 14C years BP and have been calibrated to calendar years BP using Calib 7.1 Marine13 calibration curve with DR 5 880 6 30 based on living foraminifera obtained from the Larsen B embayment [Domack et al., 2005]. Total masses
of carbon used for 14C analysis are included for all Ramped PyrOx analyses.
b
Values have been corrected for the addition of a surrogate using equations (3) and (4).
c
AIO Sediment refers to treated samples analyzed by NOSAMS.

4. Discussion
The results of our AIO 14C dates measured by two different techniques and calculated from Ramped PyrOx
determinations illustrate the ambiguity associated with dating a mixture of different-aged material. Acid
insoluble organic matter was treated differently to remove carbonates prior to AIO dating due to the fact
samples were originally sent to a commercial laboratory with a different protocol for removal of carbonates.
Although only a 10-14C year difference was observed between core-top AIO ages, an offset of >3000 years
was observed at 192 cm depth (Table 2). Previous research has found that calculated AIO 14C dates based
on the weighted arithmetic mean of Ramped PyrOx 14C dates are similar to measured 14C analyses of the
measured AIO dates [Rosenheim et al., 2013]. Yet in this study, calculated AIO dates are consistently younger
than measured values (Figure 2). The disparity between measured values can be attributed to interlaboratory differences, primarily in differing acid-treatment protocols. Moreover, in samples where the 14C date is
very old, such as AIO in these samples, small differences in the 14C/12C ratio measured by AMS, caused by
process or sample heterogeneity, can cause large differences in the 14C dates (supporting information Figure S5). The more rigorous pretreatment protocols used at Beta Analytic may have removed more AIO
material, thus resulting in older preliminary AIO 14C dates. By contrast, samples that underwent Ramped
PyrOx analyses and used to calculate AIO 14C dates were treated with a more dilute acid for a minimal
amount of time. Thus, these analyses showed the best preservation of the most labile component. Such differences, illustrative of highly detrital sediment and brought forth by different acid treatments, are prominent in this study due to the age and detrital nature of the sediments.
Like AIO 14C dates, thermographs can also be impacted by small differences in processing and analysis. We
examined the replicability in the initiation of pyrolysis decomposition in the Ramped PyrOx system and
found strong similarities between all samples, suggesting good low-temperature replicability (Figure 7).
However, small differences are evident in all cases, which is most likely be explained by sample heterogeneity. It is important to note that the data from pyrolysis initiation (Figures 7b–7d) are highly ampliﬁed compared to Figure 7a and previous publications showing reproducibility [Rosenheim and Galy, 2012; Rosenheim
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et al., 2013; Williams et al., 2014; Bianchi et al., 2015]. Thus, very small differences in the proportions of different components within a sample may result in visible thermograph variations. Other possible causes for
thermograph variability, including movement of the thermocouples and changes in sample size, were
avoided by, offsetting the temperature as described in the results and by analyzing equal masses of individual samples, respectively.
All three Ramped PyrOx techniques discussed in this study (conventional, composite, and isotope dilution)
result in signiﬁcantly younger dates than their associated AIO 14C dates and thus offer substantial improvement on the AIO 14C dating approach. Conventional Ramped PyrOx 14C dates are also signiﬁcantly younger
than carbonate dates at core-top samples by >1000 14C years. But this is likely caused by reworking and lag
processes which serve to concentrate foraminifera of various dates across surfaces of little or no sedimentation [i.e., Domack et al., 1999, 2005; Rebesco et al., 2014]. These processes seemingly acted without leaving
any visual clues (broken tests, opacity) that the tests had been reworked. The offset may also be inﬂuenced
by inherent chemical differences between planktic algal material and benthic foraminifera. For example,
Ohkouchi et al. [2002] and Uchida et al. [2005] demonstrated temporal offsets between the two proxies,
despite large differences in study sites, water depth and sedimentation rates. In this study, there was no carbonate material further downcore with which to compare the AIO chronology, but a previous study by Subt
et al. [2016] shows that the use of a smaller RP1 aliquot for a Ramped PyrOx analysis can yield similar dates
to those derived from carbonate material. Here we demonstrate that in highly detrital sediments, the use of
ultra-small aliquots of the most labile material in the composite Ramped PyrOx technique improves chronologies at depths where AIO 14C is overwhelmed by pre-aged detrital material that produces dates clearly
too old to be realistic (Figure 2).
Ramped PyrOx 14C dates derived using alternate techniques (composite and isotope dilution Ramped
PyrOx) showed signiﬁcantly younger dates than not only AIO, but also conventional Ramped PyrOx 14C
dates. Nevertheless, there are relatively small differences between the composite and isotope dilution
Ramped PyrOx 14C dates. Although, in order to estimate how much CO2 to sample in the beginning of the
pyrolysis decomposition, we assumed that no pre-aged carbon would decompose until all autochthonous
OC decomposed, we have no clear way to rule out the possibility that the material within each single aliquot is likely still a mixture incorporating some degree of pre-aged OC. By assuming a 14C free endmember,
we minimize the sample size from the beginning of the decomposition reaction, thereby minimizing the
potential for admixture of pre-aged OC. The fact that these two independent techniques produce relatively
equal chronologies emphasizes their utility in approaching the true date of the sample by demonstrating
that the fraction of pre-aged material sampled in each aliquot, if greater than zero, is likely not variable.
Interpretation of our determinations of the 14C content of the extreme low-temperature end of our thermographs as calibrated radiocarbon ages depends upon our consideration of these aliquots as mixtures of
autochthonous and pre-aged carbon. It is not meaningful to calibrate ages of mixtures of autochthonous
and detrital OC, although we have learned quite a bit about Antarctic deglaciation from calibrated AIO ages
[e.g., Domack et al., 2001]. Considering the potential pitfalls of calibrating radiocarbon ages from samples
that we cannot rule out as mixtures along with our goal to chronicle the unique sediments from the LIS-C,
we only apply radiocarbon calibration to carbonate and RP1 (Table 2). We calibrate the RP1 ages from our
two alternative techniques of the Ramped PyrOx approach because the improvement of ages of independent ages strongly suggests minimization of the pre-aged OC. In other words, the improvement in ages
demonstrates that the mixture of pre-aged detrital material in RP1 is substantially diluted. By comparison,
carbonate 14C ages show older core-top ages than Ramped PyrOx 14C ages of equivalent depth, indicating
that even carbonate 14C ages can be either mixed with older forams or biased to some degree. Furthermore, it is important to note that dating of chemical separations of individual compounds [Ohkouchi and
Eglinton, 2006; Ohkouchi and Eglinton, 2008; Yokoyama et al., 2016] does not guarantee zero admixture of
older members of that compound class.
Given that both Ramped PyrOx techniques reported herein result in consistently improved chronologies, it
becomes necessary to choose between them. Such a choice should aim to minimize labor and to maximize
accuracy. Consideration of the AIO 14C age of the sample and the hypothesized age or stratigraphic control
of the deposit in question is important in informing this decision (supporting information Text S4). If the difference between AIO 14C ages and the stratigraphic control is large, then the target for dating becomes
smaller. In such cases, a larger number of composited runs are required to accumulate sufﬁcient CO2 for 14C
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analysis (supporting information Figure S2). This number of runs, as well as the %TOC dictates the amount
of sample required to accumulate sufﬁcient ultra-small ﬁrst aliquots from identical runs to minimize analytical error, as well as the amount of time needed to complete these runs (supporting information Figure S3).
Moreover, if considering the isotope dilution Ramped PyrOx technique, the availability of a well-measured
surrogate of a known age is, of course, very important (supporting information Figure S4).
One of the most important considerations for using these alternate techniques, and a guiding factor in
deciding whether any one of them is even appropriate for a set of given samples, is the blank contamination associated with combining aliquots from multiple runs (supporting information Text S4). Modern blank
contamination from Ramped PyrOx is time-dependent [Fernandez et al., 2014], thus an aliquot collected
over a short amount of time has less modern blank than an aliquot collected over a longer period. 14C dead
blank contamination results from recombustion reagents (Ag and CuO), and is therefore applied equally to
each aliquot that is recombusted [Fernandez et al., 2014]. This means that the overall blank contamination is
more signiﬁcant for an ultra-small aliquot than a larger aliquot. When multiple ultra-small aliquots are mixed
as in the alternate techniques, the combined blank contamination can lead to much greater uncertainty.
Recent improvements made on the Ramped PyrOx system have reduced the blank contamination to
2.8 6 0.6 mg modern C and 1.4 6 0.8 mg dead C (supporting information Figure S6). This is a signiﬁcant
improvement over the amounts of blank contamination reported by Fernandez et al. [2014], and consequently also provides an improvement on the precision of our Ramped PyrOx 14C ages. By reducing the
uncertainty from blank contamination, we are also able to combine a signiﬁcantly larger sum of ultra-small
aliquots required for our new techniques.
Assuming both composite and isotope dilution Ramped PyrOx can produce equally accurate 14C ages and
that the necessary resources are available for either technique, the main deciding factor becomes the precision, or the overall uncertainty resulting from either technique. Uncertainties from both techniques increase
with age of sample and with the number of runs composited. Both uncertainties are also subject to change
depending on the difference between the 14C age of the surrogate and the age of the lowest-temperature
dated material. However, by using the isotope dilution technique, we effectively reduce the number of runs
required to accumulate the necessary amount of CO2, reducing the blank contamination and the analytical
error. Nevertheless, the isotope dilution technique also requires the addition of a surrogate of known age
and mass, which propagates additional uncertainty. When small proportions of the total OC are targeted,
necessitating many composites, isotope dilution should likely be favored over composite Ramped PyrOx.
Conversely, when the number of runs required is low (targeted proportion of initial OC is higher), the isotope dilution technique has higher uncertainty because of additional uncertainty propagation from isotope
dilution and composite Ramped PyrOx should be chosen. This is particularly true for older samples (Figure 8).
The position of the uncertainty crossover between composite or isotope dilution techniques depends on
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Figure 8. Uncertainty as a function of the number of runs required to accumulate sufﬁcient CO2 for precise 14C dating and the fully corrected age of the sample is variable depending
on the technique used for Ramped PyrOx. Above uncertainties are based on the assumption of f 5 0.7, dS 5 1.039, and mU 5 120 mg C. Values for blank contamination are as reported in
Methods section. For simplicity, an analytical uncertainty of 0.002. Note the z axis is shown in logarithmic scale.
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the number of runs required and how the age of the sample and shape of the thermograph confer to dictate the amount of surrogate used (Table 1).
It is important to note that the composite and isotope dilution techniques of Ramped PyrOx are for highly
detrital sediment; not every sample analyzed using Ramped PyrOx may require these techniques. Many
samples may not require multiple runs to accumulate sufﬁcient CO2 for 14C dating, as in the case of the
core-top sample in this suite of samples or previous work [Subt et al., 2016]. Just as conventional Ramped
PyrOx is an alternative when carbonates are not available and AIO 14C dating may be problematic, the composite and isotope dilution techniques are an alternative when the projected amount of syndepositionallyaged material is too small to be captured in a conventional Ramped PyrOx aliquot (10–15 mmol CO2) without inﬂuence from the mixture of the age of ancient detritus.
The techniques developed for this study have greatly improved our ability to date highly detrital samples.
Techniques such as isotope dilution are not new and unique to this work, and it is conceivable that we can
use isotope dilution, for instance, at core intervals where there is some, but not enough, foramiferal carbonate for a single date. However, similar calculations and logic to that found in Figure 8 would need to be carried out independently to assess the cost in precision of isotopic dilution for foraminiferal carbonate dates.
By using these techniques, we may ultimately become capable of retrieving more accurate dates for Antarctic marginal marine sediments not only within periods of high productivity and reduced glacial deposition,
but within the glacial deposits where dating has so often been precluded. These techniques would also be
applicable to a wide range of problematic sediments in regions outside of Antarctica with a highly detrital
nature.

5. Conclusions
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We have provided two new alternative techniques for the Ramped PyrOx 14C approach which have
improved our ability to date sediments with very low proportions of syndepositionally-aged material. Both
techniques we have described show a large improvement in the separation of pre-aged detritus from the
much smaller syndepositionally-aged fraction not only for AIO 14C dating, but on conventional Ramped
PyrOx analyses as well. Differences in composite and isotope dilution Ramped PyrOx 14C dates may occur
due to sample heterogeneity, blank contamination, and error propagation. Nevertheless, the differences
between the two new techniques are small to negligible relative to the overall improvement in ages compared to AIO. Careful consideration must be taken when deciding which technique is most appropriate for
a set of samples. The availability of techniques like those described herein remove limitations on geoscientists working in sediments from the Antarctic margin. Ultimately, this may allow accurate dating of sediments under ice shelves, glacial tills, or siliceous muds and oozes buried prior to the LGM. Sub-ice shelf
sediments, for example, could serve as a modern analog for Cryogenian research [e.g., Vincent et al., 2000;
Hoffman et al., 2012]. It would also allow researchers to study ice sheet behavior not only during the deglacial period, but into the glacial period as well. Thus, by using these alternative techniques, we can not only
date Antarctic marine sediments from the LGM to the present, but we can also provide chronologies
beyond these horizons, where highly detrital material has precluded radiocarbon dating in the past.
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